A B S T R AC T
Background. Renal parenchymal inflammation is a critical determinant of kidney injury in renal artery stenosis (RAS) but is difficult to assess in the single kidney without tissue samples. Whether renal vein (RV) levels of inflammatory markers reflect active parenchymal inflammation remains unknown. We evaluated the relationship between net RV cytokine release and tissue inflammation in the post-stenotic kidney. Methods. Pigs were studied after 10 weeks of RAS treated 4 weeks earlier with intra-renal vehicle or anti-inflammatory mesenchymal stem cells (MSCs) or normal control. Singlekidney renal blood flow was measured by fast computerized tomography. RV and inferior vena cava levels of tumor necrosis factor (TNF)-α, interferon (IF)-γ, monocyte chemoattractant protein (MCP-1) and interleukin (IL)-10 were measured by enzyme-linked immunosorbent assay, and their net release calculated. Renal expression of the same cytokines was correlated with their net release. Results. Net release of TNF-α, IF-γ and MCP-1 was higher in RAS compared with normal and to the contralateral kidney (all P < 0.05), decreased in MSC-treated pigs as was their tissue expression. Contrarily, the release of the anti-inflammatory IL-10 was lower in RAS and normalized in RAS + MSC. The net release of TNF-α, MCP-1 and IL-10 directly correlated with their tissue expression. The ratio of inflammatory-to-reparative macrophages directly correlated with the release of MCP-1, but inversely with the release of IL-10. In vitro cultured MSCs also induced a shift in the macrophage phenotype from inflammatory (M1) to reparative (M2).
Conclusions. Our findings demonstrate that the release of inflammatory markers from the affected kidney provides an index of renal tissue inflammation in experimental RAS.
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I N T RO D U C T I O N
Renal artery stenosis (RAS) is a leading cause of secondary hypertension among the elderly population [1] and may accelerate cardiovascular disease and progression to chronic renal failure [2] . Over the last couple of decades, several lines of investigation have identified multiple mechanisms responsible for producing parenchymal tissue injury in RAS. Activation of renin-angiotensin system, oxidative stress and fibrosis have all been touted as major players in amplifying functional and structural damage in the stenotic kidney [3] .
In addition, inflammation represents an important pathway that mediates deleterious processes in the stenotic kidney [4] . Experimental studies have shown that macrophage and T cell infiltration can exacerbate kidney damage by secreting pro-inflammatory and pro-fibrotic cytokines, leading to fibrosis and microvascular damage [5, 6] . We have previously shown that the post-stenotic human kidney releases inflammatory cytokines that portend renal injury [7] and that the elevated release of these cytokines from the stenotic swine kidneys is associated with attenuated renal functional recovery after revascularization [8] . Furthermore, we have recently demonstrated that the progressive influx of CD68+ macrophages in the human post-stenotic kidneys correlated with disease severity [9] .
Macrophages have recently gained considerable attention due to their ability to orchestrate the entire inflammatory response. Although 'classically' activated macrophages (M1) initially accumulate in the renal parenchyma after an ischemic insult, 'alternatively' activated (M2) macrophages appear later in the healing process and exert anti-inflammatory and reparative properties [10] . Therefore, switching from a pro-inflammatory (M1) to a trophic (M2) macrophage phenotype may confer protection and attenuate the progression to fibrosis in the hypo-perfused kidney.
Detecting and monitoring intra-renal inflammatory activity often necessitates biopsy [9] . However, whether levels of inflammatory markers detected in venous blood draining the stenotic kidney reflects their renal parenchymal expression is unknown. This study tested the hypothesis that renal cytokine release reflects tissue inflammation in the post-stenotic swine kidney. We have recently shown in swine atherosclerotic RAS that adipose tissue-derived mesenchymal stem cells (MSCs) exert potent anti-inflammatory effects [11] and decrease T cells and CD163+ macrophages infiltration in the post-stenotic kidney, as well as the expression of pro-inflammatory cytokines [12] . Therefore, in order to modulate cytokine release, we took advantage of the anti-inflammatory properties of MSCs, delivered into the renal artery in a subgroup of pigs.
M AT E R I A L S A N D M E T H O D S
All experiments were approved by the institutional Animal Care and Use Committee. Eighteen domestic female pigs were studied after 10 weeks of observation. At baseline, animals were anesthetized (intramuscular telazol 5 mg/kg and xylazine 2 mg/kg), intubated and mechanically ventilated. Anesthesia was maintained with intravenously (ketamine 0.2 mg/kg/min and xylazine 0.03 mg/kg/min). RAS was induced in 12 animals by placing in the main renal artery a local-irritant coil, which leads to the gradual development of unilateral RAS over a 7-10-day period, as reported previously [13] . Normal animals underwent a sham procedure. Fat tissue was collected during the procedure for the subsequent isolation of MSCs.
Six weeks later, we evaluated the degree of stenosis using angiography and performed a sham procedure in six normal and six RAS pigs, whereas the other six were treated with a single intra-renal infusion of autologous adipose tissuederived MSCs (10 × 10 6 cells/mL suspended in 10 mL). Cells were pre-labeled with Chloromethylbenzamido-DiI and infused slowly over 5 min into a 5F catheter engaged proximal to the stenosis.
Four weeks later, we evaluated the degree of stenosis using angiography. Then, stenotic kidney renal hemodynamics and function were assessed using multi-detector computerized tomography (MDCT) [14] . Briefly, renal regional perfusion, renal blood flow (RBF) and glomerular filtration rate (GFR) were measured from tissue time-attenuation curves obtained in the regions of interest selected from the aorta, renal cortex and medulla [15] . MDCT images were analyzed with the Analyze™ software package (Biomedical Imaging Resource, Mayo Clinic, MN, USA).
One week later, animals were euthanized with intravenous sodium pentobarbital (100 mg/kg, Fatal Plus, Vortech Pharmaceuticals, Dearborn, MI, USA) and the kidneys removed, dissected and placed in liquid nitrogen or preserved in formalin for in vitro experiments. Cytokine levels were measured in the systemic veins, renal veins (RVs) and urine, and their expression (western blot) and localization (staining) in renal tissue.
Inflammatory cytokines
Under fluoroscopic guidance, catheters were advanced into the inferior vena cava (IVC) and stenotic kidney RV to collect samples. All blood samples were centrifuged and plasma aliquots stored at −80°C until it was assayed. RV and IVC (below the RV) samples were collected and plasma levels of tumor necrosis factor (TNF)-α, interferon (IF)-γ, monocyte chemoattractant protein (MCP)-1 and interleukin (IL)-10 were measured by enzyme-linked immunosorbent assay (Invitrogen Cat# KSC3011 and Cat# KSC0101; Kingfisher Biotech Cat# VS0081S-002 and VS0259s-002). Then, we estimated cytokine gradient (RV-IVC) and net renal release (gradient × RBF) of each measured analyte, as described previously [7, 8] . In addition, we compared the difference between right (stenotic) and left (contralateral) cytokine release in RAS and RAS + MSC pigs, calculated using the following formula: release = RV × RBF.
Urine samples were collected through supra-pubic catheter and levels of the same markers measured (ALPCO, Cat# 45-TNFHUU-E01 and 61-IFGPO-E01). Finally, the renal protein expression of TNF-α (Santa Cruz, 1:200), IF-γ (Santa Cruz, 1:200), MCP-1 (MyBioSource, 1:7500) and IL-10 (Santa Cruz, 1:200) was assessed by western blot [13, 16] . Cellular localization of the same inflammatory cytokines was assessed by double immunofluorescence staining with macrophage (CD68) and tubular (cytokeratin) markers.
Inflammatory cells
Standard immunostaining with antibodies against CD68 +/inducible nitric oxide synthase (iNOS)+ (M1) (abcam cat#: ab15323, 1:100) and CD68+/Arginase-1+ (M2) (abcam cat#: HPA004114, 1:100) macrophages and CD3+ (abcam, cat# ab16669) T-cells was performed in 5-µm sections. The number of M1 and M2 macrophages was quantified in 15-20 fields, and the results from all fields averaged. Furthermore, immunofluorescence staining with antibodies against M2a (CD163+/CD206+/Fizz1+), M2b (CD163+/86+) and M2c (CD163+/CD206+/Fizz1−) macrophages was used to count cells per field.
Renal morphology
Renal scarring and tubular injury were assessed and quantified in kidney sections stained with Masson trichrome and H&E staining, as shown previously [16] .
Labeled MSCs were counted manually in frozen kidney sections (5 μm) from the stenotic kidney under fluorescence microscopy. The number of cells/mm 2 was averaged and
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MSC effects on macrophages
Human monocytes were cultured for 18 h in RPMI 1640 media supplemented with macrophage colony-stimulating factor, lipopolysaccharide and IF-γ to induce M1 polarization [18] . M1-polarized cells were cultured alone or co-cultured with porcine MSCs and expression of iNOS, TNF-α, IL-10 and arginase-1 (all 1:200, Santa Cruz, CA, USA) was evaluated using western blotting.
Statistical analysis
Statistical analysis was performed using JMP software package version 8.0 (SAS Institute Inc., Cary, NC, USA). Normally distributed data were expressed as the mean ± SD and comparisons within and among the groups were performed using analysis of variance (ANOVA)/Student's two-tailed ttest. For data that did not show a Gaussian distribution, nonparametric (Kruskal-Wallis/ Wilcoxon) were used. A P-value <0.05 was considered significant. Regressions were calculated by the least-squares fit (for detailed Methods and Results, see Supplementary data).
R E S U LT S
Body weight was similar in all pigs (P = 0.75, ANOVA). Ten weeks after induction of RAS, both sham and MSC-treated RAS pigs achieved hemodynamically significant stenoses (P = 0.009 and P = 0.001 versus normal), and blood pressure was significantly and similarly elevated compared with normal (both P < 0.05 versus normal). Serum creatinine and plasma renin activity levels were similar among the groups (Table 1) .
Renal hemodynamics and function Cortical volume, perfusion and RBF were reduced in RAS compared with normal but improved (although not normalized) in RAS + MSC pigs. However, treatment with MSC restored GFR to normal levels ( Table 1, Tissue expression and localization of inflammatory markers The renal expression of TNF-α, IF-γ and MCP-1 was higher in RAS compared with normal and decreased in MSCtreated pigs, whereas the expression of IL-10 was decreased in both RAS and RAS + MSC (Figure 2A and B) . IF-γ and IL-10 were commonly observed in renal tubules and co-stained with cytokeratin (Supplementary Figure 3SB and D) , whereas TNF-α and MCP-1 were expressed mostly in the interstitium and co-stained with CD68+ macrophages (Supplementary Figure 4SA and C) . A fraction of IL-10 was also expressed at the interstitium and co-stained with CD68 ( Supplementary  Figures 3SD and 4SD ).
Inflammatory cells
The number of M1 macrophages was similarly elevated in both RAS groups compared with normal, whereas the number of M2 macrophages tended to be higher in RAS + MSC compared with RAS (P = 0.08, Figure 3A and B). However, the M1/M2 ratio was higher in the RAS and decreased in animals treated with MSC ( Figure 3C ). The number of M2a and M2b cells did not differ among the groups (Supplementary Figure 5SB-C) , whereas RAS + MSC showed higher numbers of M2c macrophages compared with normal and RAS (Supplementary Figure 5SD , P < 0.05 both).
Finally, the number of CD3+ T cells was similarly elevated in both RAS groups compared with normal ( Figure 3D -E, P < 0.05 versus normal).
Renal morphology
Four weeks after intra-renal delivery, MSC showed the retention rate of around 12%, were commonly observed in the interstitium (Supplementary Figure 1SA) and tubular 
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MSC effects on macrophages Compared with quiescent monocytes, M1-polarized macrophages overexpressed iNOS and TNF-α, whereas arginase-1 and IL-10 expression was down-regulated. Co-culture with MSC increased the expression of these proteins (although IL-10 remained suppressed), indicating that MSC directly induced a phenotypic switch of M1 to M2 macrophages and decreased TNF-α expression (Supplementary Figure 8SA and B) .
D I S C U S S I O N
This study demonstrates that the release of inflammatory markers from the affected kidney, but not their concentrations alone, is a useful index of renal tissue inflammation in experimental RAS and can track its modulation by an anti-inflammatory intervention. Moreover, our findings suggest that the release of inflammatory cytokines detected in the RV might reflect the relative activities of macrophage subpopulations with the inflammatory phenotype. These observations may contribute towards the development of refined management strategies to improve renal outcomes in patients with RAS.
The prevalence of RAS increases with age, and it affects almost 7% of individuals older than 65 years of age [1] . Furthermore, patients with RAS have an increased incidence of adverse cardiovascular events and the potential for progression to end-stage renal disease [2] . Therefore, understanding and early detection of the mechanisms underlying disease progression in RAS is critical and would be useful for the design of therapeutic approaches.
Inflammation characterized by Th-1 lymphocyte activation and macrophage infiltration amplifies renal parenchymal damage in experimental and clinical RAS [19, 20] . Significant RAS is characterized by macrophage accumulation in the poststenotic kidney [9] , and the inhibition of MCP-1 confers renoprotective effects [5] . Therefore, these observations provide the impetus for the early assessment of renal parenchymal inflammation to reduce progression to chronic renal failure. However, the direct assessment of renal inflammatory activity in situ often requires tissue obtained using renal biopsy, a procedure associated with potential risk [21] . Hence, identifying clinically feasible markers to monitor renal parenchymal inflammatory burden could provide valuable information regarding the patient's risk for progression to renal dysfunction and response to therapy.
RV sampling has been used in RAS patients to evaluate renin production, an index of renal ischemia [22] . Its major advantage over peripheral vein measurements is the potential to assess single-kidney contributions in asymmetric kidney disease and to localize the site of production to the kidney. Comparing RV with systemic measurements (such as the IVC) affords estimating the gradient across the kidney [23] , and factoring-in single-kidney RBF allows the calculation of net venous release of cytokines from each kidney [7, 8] , excluding their metabolism or urinary excretion. The potential value of this approach is underscored by our recent demonstration that the post-stenotic human kidney releases inflammatory cytokines that parallel renal hypoperfusion and tissue ischemia [7] . Furthermore, the net release of inflammatory markers, but not their systemic levels, constitutes an important determinant of renal functional outcomes after revascularization [8] . Indeed, a previous study in RAS patients undergoing percutaneous renal angioplasty failed to detect significant differences in systemic levels of inflammatory biomarkers [24] . Taken together, these observations imply that the net release of inflammatory markers assessed in RV samples might represent inflammatory damage beyond the stenotic lesion more closely than their systemic levels.
In the current study, we assessed the release of inflammatory markers in a large animal model of chronic experimental RAS and correlated their levels with their tissue expression. We used MSC as an anti-inflammatory strategy, due to their immunomodulatory properties [11, 12] . We found that MSC attenuated the release of several inflammatory markers from the post-stenotic kidney as well as their tissue expression. Conversely, the net release of the anti-inflammatory cytokine IL-10 was lower in RAS, and although it was not improved by MSC, it directly correlated with its renal expression. Although the observed correlations were generally modest, these findings imply that changes in net cytokine release may be a useful index of tissue inflammation in the post-stenotic kidney. Furthermore, the lateralization of the release of inflammatory cytokines toward the stenotic kidney and its restoration after MSC therapy underscore the improvement of renal parenchymal inflammation in the progression to chronic renal failure in RAS, and its potential modulation with anti-inflammatory interventions. Pertinently, urine and IVC cytokine levels (which sample both the kidneys) were similar among the groups and did not correlate with their renal release, arguing against their use as reliable markers of kidney inflammation in asymmetric kidney disease. 
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Notably, this study showed the robust expression of IF-γ in renal tubules [25] that was elevated in the stenotic kidney, as was TNF-α and MCP-1 expression in interstitial cells. Similar to IF-γ, IL-10 was mostly expressed in renal tubules, as observed in the human kidney [26] , suggesting that renal parenchymal cells can modulate their release from the stenotic kidney. These results extend previous studies that have shown that in situ production of pro-inflammatory and anti-inflammatory cytokines by renal tubular epithelial cells mediates tissue repair [25] [26] [27] . In addition, a small proportion of IL-10 was expressed at the interstitium and co-stained with CD68, possibly reflecting M2 macrophages. Our group has also shown in experimental murine RAS elevated renal expression of TNF-α and MCP-1 [5, 28] . Thus, the interstitial production of these cytokines may reflect secretion by infiltrating inflammatory cells. Furthermore, TNF-α increases the expression of adhesion molecules and chemokines, including MCP-1, a key regulator of macrophage recruitment [29] . Interestingly, IL-10 expression was decreased in both RAS groups, whereas its net release was elevated in RAS + MSC. Therefore, IL-10 net release might reflect its level of activity instead of the number of IL-10-expressing cells in the renal tissue.
Macrophages exhibit great plasticity in their surface marker expression profile [30] , with M1 macrophages expressing inflammatory cytokines like IL-1β and iNOS, whereas M2 express arginase-1, mannose receptor or IL-10 [10] . In models of acute kidney injury, M1 are involved in initiation of the inflammatory process and aggravating renal damage, whereas M2 participate in subsequent tissue remodeling and repair [10] . The current study shows that in chronic renal ischemia the kidney shows a mixed macrophage phenotype with greater predominance of M1 macrophages, which might be regulated by treatment with MSC. Furthermore, our in vitro study confirmed the ability of MSC to switch macrophages from the M1 to M2 phenotype. The higher numbers of M2c macrophages in RAS + MSC animals suggest a selective contribution of this M2 macrophage subtype to renal repair in this group [31] . Interestingly, we found that the renal release of MCP-1 tended to directly correlate with the ratio of M1/M2 macrophages populating the stenotic kidney, whereas the release of the anti- 
O R I G I N A L A R T I C L E
I n fl a m m a t i o n i n r e n a l a r t e r y s t e n o s i s 279 inflammatory IL-10 correlated inversely with the M1/M2 ratio. Hence, the induction of the inflammatory macrophage phenotype within the kidney might be reflected in the corresponding renal venous profiles for M1 (TNF-α, IF-γ) and M2 (IL-10) cytokines.
Previous studies have suggested an important role for T cells in the pathogenesis of hypertensive disorders [32] . Peripheral blood of RAS patients also contains increased numbers of cells expressing CD3 and CD4 markers, which correlate with their expression in post-mortem samples, interpreted to suggest that some circulating T cells derive from the renal vasculature [33] . In the current study, the number of T cells in the kidney was similarly elevated in RAS and RAS + MSC compared with normal, but did not correlate with the release of the measured inflammatory markers. However, we cannot rule out the possibility that the number of T cells might be related to different markers, whereas the markers we examined are more specific to macrophages.
Increased serum creatinine levels in RAS animals was associated with higher histological damage (tubulo-interstitial fibrosis and tubular injury), which was restored in MSCtreated pigs. Stenotic-kidney release of TNF-α and MCP-1 correlated directly, and IL-10 inversely, with both tubulo-interstitial fibrosis and tubular damage, underscoring the implication of these inflammatory mediators in the progression of the disease. Contrarily, lack of association between IF-γ release and either histological damage or its expression in the stenotic kidney argues against a major role of this cytokine in the progression of tissue injury.
The limitations of our study include the use of young animals with no co-morbidities (atherosclerosis, diabetes, essential hypertension), which may aggravate tissue damage in the stenotic kidney. In addition, the early stage of RAS and the short duration of the disease may modulate the release of individual markers. Despite these caveats, this study has a number of strengths. Our model recapitulates many characteristics 
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observed in human RAS [7, 9, 34] . Indeed, our results correlate with our previous clinical study that showed a significant release of inflammatory cytokines in patients with RAS [7] . Collecting RV samples remains an invasive procedure, yet associated with minimal morbidity and few complications.
CO N C L U S I O N S
Our study demonstrates that renal parenchymal inflammation can be profiled by the measurement of the net release of cytokines from the stenotic kidney, including TNF-α, MCP-1 and IL-10. Moreover, our observations highlight the central role of macrophages in the pathogenesis of renal ischemic injury and the potential for MSCs to modulate expression of inflammatory pathways. These results may direct the development of novel and specific therapies aimed to improve the outcome of ischemic renovascular disease. The clinical implications of these findings remain to be established.
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